Long-term light-soaking experiments of amorphous silicon photovoltaic modules have now established that stabilization of the degradation occurs at levels that depend significantly on the operating conditions, as well as on the operating history of the modules. We suggest that stabilization occurs because of the introduction of degradation mechanisms with different time constants and annealing activation energies, depending on the exposure conditions. Stabilization will occur once a sufficient accumulation of different degradation mechanisms occurs. We find that operating module temperature during light-soaking is the most important parameter for determining stabilized performance. Next in importance is the exposure history of the device. The precise value of the light intensity seems least important in determining the stabilized efficiency, as long as its level is a significant fraction of 1-sun.
INTRODUCTION
Since about 1991, amorphous silicon (a-Si) research program guided by the National Renewable Energy Laboratory (NREL) has specified that all a-Si solar cell or photovoltaic (PV) module performances should be reported after stabilization. At that time, it was recommended to light-soak for 1000 hours with a device temperature of 50 o C to establish stabilized performance. NREL carried out four light-soak tests using controlled exposure conditions to assess the details of degradation upon light-soaking [1, 2] . Since about 1994, it became clear that outdoor exposure in Colorado typically resulted in higher degradation − typically twice as much − than exposure at 50 o C continuous light-exposure [2, 3] . In previous publications, we surmised that this behavior was a fundamental a-Si property; because the same degradation trends were observed in modules from different manufacturers and with different initial efficiencies [4] . It was argued that this behavior could not be explained by a single degradation mechanism in which thermal or light-induced annealing would balance the lightinduced degradation. Instead, at least two mechanisms have to be involved: a fast one that can be annealed at typical module operating temperatures, and a slow one that does not recover measurably when annealing temperatures are limited to values below 70 o C [4] . In a previous publication, we demonstrated that temperature and the temperature history during light-exposure clearly affected stabilized module efficiency [5] . In this work, we have extended the exposure temperatures further to lower values, resulting in further module degradation. Also, we have chosen to include a controlled light-soak cycle at ½-sun (about 500 instead of 1000 W/m 2 ) to investigate our previous speculation that both exposure temperature and light-intensity affect the rates at which the fast and the slow mechanism can be introduced during light-stressing. These additional data points will assist in estimating the rates and ratios for the introduction and annealing behavior of the slow and fast mechanisms.
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EXPERIMENT
For this experiment, we continued light-soaking (ls) of most of the modules that were previously light-soaked for almost 5000 hours at various conditions [5] . We chose additional ls-cycles of 1227 hours at ½-sun and 5 o C module temperature ("cold soak"), and 343 hours at 1-sun and 25 o C or "cool soak." (This condition had been used twice before in the previous experiments and was hitherto called cold-soak because until then it was the lowest light-soak temperature.) This was followed by a 470-hour hot-soak cycle at 50 o C and 1-sun intensity (the original standard light-soak conditions), followed by an additional 1000 hours of cool soak. Module performance was measured using the NREL Spire solar simulator at standard measurement conditions (simulated 1000 W/m 2 irradiance, spectrum for air mass 1.5 global spectrum, 25 o C module temperature during measurement). While there is a significant amount of uncertainty in the absolute accuracy (±10% or less) of the Spire simulator efficiency measurements, there is a good reproducibility that allows determination of the degradation with higher relative accuracy (±2% or less). Using the simulator, no consideration has to be given to spectral changes that are unavoidable in outdoor efficiency measurements. The total amount of degradation is somewhat dependent on the measurement system [1] , but we believe that the amounts of degradation (η/η o -1) reported here are typical for 1990-vintage a-Si PV modules within +10% to -20%. In our experience, typically Spire simulator measurements result in slightly larger values of the initial efficiency and therefore slightly larger degradation percentages than outdoor measurements [1] .
RESULTS
In Figures 1 (a) , (b), and (c), we show the absolute efficiency values and the amount of degradation observed for the efficiencies and fill factors. We see that qualitatively, all modules, regardless of their efficiency level, show rather similar relative changes during these cycles. In Table 1 , we show the stabilized performance levels of a triple-junction module with typical behavior for all light-soaking cycles carried out to date. Note that the duration of exposure cycles was chosen to result in stabilized performance for each cycle listed in this table. Figure 1 depicts the cycles for all modules, corresponding to rows 8 to 12 of Table 1 for module #23. The timescale begins with 0 hours, and the relative efficiency and fill factor degradation (∆FF) are with respect to the values obtained at the end the cycle corresponding to row number 7. This was also the end point of the previously reported tests [5] . The caption in Figure 1 indicates the type of module, double-(2J) or triple (3J), and same (s-BG) or multibandgap (m-BG) device structures. The module descriptions were reported previously [5] . The unusual spike (increase of values or decrease in degradation) during the cycle corresponding to row 11 (at 2200 hours in Fig. 1 ) is due to accidental heating of the modules to temperatures up to 80 o C for a period of 40 hours or less while the light source was turned off. 
DISCUSSION
The difficulty of reconciling the experimental results arises from the fact that these results reported here simply could not be explained in terms of a single degradation mechanism being balanced by a competing thermal or light-induced annealing process. Whereas earlier results on PV modules [5, 6] , cells [7, 8] , as well as on intrinsic films [9, 10] have clearly identified at least two kinds of metastable mechanisms produced by light exposure, such observations have been largely ignored in favor of Staebler-Wronski models that assume creation and annealing of neutral dangling bonds as the dominant mechanism controlling the electronic properties. All data suggest that multiple, potentially coupled mechanisms that occur on different timescales (e.g., "fast and "slow") are involved. However, our observations make previous assignment of the origin of the fast and slow mechanisms unlikely. For example, it has been argued that in solar cells, differences in the timescales might result from absorber and interface layer degradation, or different annealing mechanisms (light-induced versus thermal) have been invoked [8] . "Hysteresis" effects are important and have been observed both on film properties [10, 11] as well as in solar cells and PV modules. Hysteresis means that measuring an observable (y) (such as device efficiency or the mobility lifetime product in a film as a function of a variable, for example the sample or device temperature (T) used for light-soaking) will result in different values for y(T) depending on whether the temperature is ramped up or down or on the previous exposure history. Different observables y(T) will degrade by different amounts and at different rates [12] . We believe that this behavior makes it impractical to predict precisely the stabilized state that an a-Si solar cell or PV module will attain for given operating conditions. However, because of the experimental data generated to date, somewhat quantitative empirical predictions are now possible.
Looking at the data in Table 1 , we note that the module was exposed in five cycles, corresponding to rows 2, 5, 7, 10, and 12, at essentially the same (standard hot-soak 50 o C, 1-5 sun intensity) conditions, while the degradation increased progressively from 20.1% to 27.5%, 28.8%, 32.5%, and 33.2%. Three cycles listed in rows 6, 9, and 11 (cool soaks at 25 o C, 1-sun intensity) increased the degradation for this condition from 35.3 % to 36.4 % and 38.6 %. Clearly the stabilized performance level is not defined by the operating conditions and is affected by the previous exposure cycles. Figure 1 shows that after sufficient time in each cycle, the efficiency data saturate to particular values, and that subsequent degradation to even lower values in progressive cycles is not due to lack of exposure times in the previous cycles. Regardless of the amount of unrecoverable degradation, operation at 50 o C 1-sun recovers a sizeable fraction of the additional degradation induced by lower temperature exposure cycles. It is of interest to note that this recovery is likely to be temperature-activated. At 25 o C there is very little recovery (row 9 in Table 1 and the cycle shown between 1227 and 1570 hours in Figure 1 ). In other words, the degradation introduced during the ½-sun 5 o C cold-soak cycle was essentially irreversible by simply returning to the prior (cool-soak, 25 o C) exposure conditions. On the other hand, this cold-soak cycle caused the stabilized efficiency after the subsequent cool soak cycle to decline by an additional 0% and 3%. Figure 1 shows that the amount of degradation and the time constant are not very sensitive functions of light intensity, if this varies between 1-sun and ½-sun.
We found it impossible to parameterize the amounts of degradation and their recovery rates in terms of the temperature and intensity values used during the degradation cycles. The observations are consistent with our previous suggestion that stabilization occurs because of multiple self-limiting degradation mechanisms, rather than a balance between degradation and recovery. For a given exposure condition, this self-limitation is reached through varying combinations of recoverable ("fast") and nonrecoverable ("slow") mechanisms. Whenever recovery occurs, it is possible that in a subsequent exposure cycle more nonrecoverable degradation will be introduced, leading to the gradual decline of the stabilized performance as show in Table 1 and Figure 1 .
For practical applications, we would like to emphasize that the degradation of amorphous silicon modules will stabilize. After almost 9000 hours of cycling modules in controlled experiments, the modules degraded somewhat more than that observed under outdoor exposure in the Golden (Colorado) climate. For example, companion modules to number 23 that were exposed outdoors at NREL degraded between 28% and 31% after 5 years of outdoor exposure, as compared to 33% after 12 indoor cycles. It is also worthwhile to point out that we provide a different explanation for performance differences of similar a-Si modules deployed in tropical versus high-latitude climates. Traditional theories attribute the performance advantage in the tropical climate to higher operating temperatures (i.e., greater annealing). Our series of light-soak tests suggest, however, that a significant portion of the performance advantage of the tropical exposure conditions arises from the fact that under tropical conditions modules are never exposed to light while they are "cool" or "cold." Conversely, a module that was first light-soaked at low temperatures would never fully recover the additional degradation when moved to a tropical climate. Finally, recent further optimization of a-Si PV modules has reduced the amount of light-induced degradation to levels below those shown in Table 1 . This has largely been accomplished by modifying the a-Si material (using deposition schemes with higher hydrogen dilution and by optimizing the thicknesses of the component cells in the multi-junction devices). This has reduced degradation under outdoor conditions to about 20% in the best cases. However, even in these 6 modules, the outdoor degradation remains measurably larger than that observed in indoor exposure tests carried out at 50 o C.
